The objective of the study was the estimation of decade variation of water content in layers with thickness of 0-10, 0-20, 0-40 and 0-60 cm of a bare light brown soil in the summer half-year (May-October) in the 10-year period of 2003-2012 against the background of agro-meteorological conditions. The study was based on results of measurement of the moisture of a bare soil with the use of the TDR method, sums of atmospheric precipitations and ground water levels, conducted in the area of the Agro-and Hydrometeorology Observatory of the Wrocław University of Environmental and Life Sciences, situated in Wrocław-Swojec. The analyses revealed slight variation of mean decade values of water content in the bare soil in the summer half-year during the ten-year period under analysis. Irrespective of the thickness of the soil layer, precipitation in the 10-year period of 2003-2012 had a highly significant effect on the water content in the 2 nd decade of July. In the case of soil layers with thickness down to 0-20 cm a statistically significant relation between soil water content and ground water levels was noted for the 3 rd decade of May, July, and in the 3 rd decade of September. In the layer with thickness of 0-60 cm the relations were statistically significant almost throughout the summer half-year, with the exception of the 1 st and 2 nd decades of May. Analysis of trends of mean water content of the bare soil over the 10-year period of 2003-2012 indicated their statistically significant increase in the case of most of the decades of the summer half-year only in soil layers with thickness of 0-10 and 0-20 cm.
INTRODUCTION
Soil moisture is one of the most important factors in the water cycle in the Earth surface -atmosphereplants system. It is indispensable not only to ensure suitable conditions for biological life, but also it determines numerous important soil processes, which guarantees correct growth and development of plants. Knowledge of the dynamics of soil moisture is important in studies concerning water management, and especially in those where it has a significant effect on the yielding of plants. Water retention plays an important role in the water balance of agricultural areas, especially those where high precipitation deficits are observed [ŁABĘDZKI 2006; NYC 1994] .
Information about the dynamics of soil moisture under various crops facilitates the determination of their water balance and irrigation requirements in various development stages, which was the object of research by such authors as e.g. BARANOWSKI et al. [1994] , HUPET and VANCLOOSTER [2002] , KĘDZIORA et al. [1997] , KOŹMIŃSKI et al. [2002] , ROBOCK et al. [2005] .
The dynamics of soil water content is controlled primarily by agro-meteorological elements. Among those the leading role is played by atmospheric precipitations which are the main source of water supply for the soil profile, as well as the depth of the ground water table. Research in this area was conducted by e.g. BINIAK et al. [2011] , CHEN and HU [2004] , ŁA-BĘDZKI and ADAMSKI [2010] , NIEMCZYK et al. [2010] , OLSZEWSKA and PŁYWACZYK [1999] , ROZBICKI [1998] and ŻYROMSKI [2001] . Long lasting precipitation deficit in the summer period with the usually high air temperatures, and the progressing process of urbanisation involving continuous expansion of nonpermeable surfaces, intensify the process of area evaporation, the occurrence of which is observed in recent years with increasing frequency [BURSZTA--ADAMIAK 2012; GÓRSKI 2006; KUNDZEWICZ et al. 2006; ŁABĘDZKI 2006; . Such a situation results usually in large losses in the economy, and in agriculture in particular. Hence, for the purpose of limitation of the effects of drought its monitoring is conducted in the vegetation season, primarily at a local scale [ŁABĘDZKI, BĄK 2011] but also for the whole territory of Poland [DOROSZEWSKI et al. 2012] . One of the fundamental elements of such monitoring is information about soil moisture.
The identification of the retention capacity of soils, time trends or periodicity of changes of retention requires studies directly monitoring soil moisture. For this reason, in the area of Agro-and Hydrometeorology Observatory of the Wrocław University of Environmental and Life Sciences daily measurements of soil moisture under two surfaces adopted as standard in agro-meteorology, bare and with grass cover, have been conducted continuously since 2002. These surfaces are recommended as reference surfaces in both the national and global guidelines [JANISZEWSKI 1988; WMO-No 8] . In the case of bare soil surface, with no plant cover, we can assume with high probability that the soil water content is mainly dependent on agro-meteorological factors (especially precipitation and ground water levels) and it is the background for assessment of the impact of seasonal vegetation cover on the soil water balance. Studies concerning water content of bare soil have been carried out in several research centres [e.g. BINIAK 2004; KIMURA et al. 2005; NOVAK 2010; ROXY et al. 2010; THOMA et al. 2008; ŻYROMSKI 2001] .
Thus the objective of the study was the estimation of decade variation of water content of a bare light brown soil in the summer half-year (May-October) in the ten-year period of 2003-2012.
METHODS
Soil moisture was measured with the use of the modern TDR method. It consists in measurement of the speed of propagation of electromagnetic wave with frequency above 50 MHz. The speed of propagation of electromagnetic wave generated by a TDR gauge depends on the dielectric constant (K a ) of the medium studied [JONES et al. 2002; ROMANO 2014; SKIERUCHA et al. 2012] .
In the area of the Observatory soil moisture measurements were conducted daily during the entire calendar year during morning observations at 8 depths in the soil profile (10, 20, 30, 50, 60, 80 and 100 cm) . For analyses within the scope of this study four soil layers were selected, with thickness of 0-10, 0-20, 0-40 and 0-60 cm. In addition, daily measurements of the sum of atmospheric precipitations were conducted by classic Hellmann rain gauge, and of ground water level by a piezometer located in the area of the Observatory, the results of which were the basis for the calculation of decade values of those elements.
The soils in the experimental site are weakly loamy sands and light loamy sands overlying loam. According to the genetic classification they are arable brown soils developed from boulder loams, with surface horizon particle size distribution of weakly loamy sands, weakly diversified to the depth of 1 m. The soils are characterised by good water properties and a high value of capillary rise. The field water capacity is 217.0 mm in the 0-100 cm soil layer [MAZIJ et al. 1964] .
Diurnal values of soil moisture measured at depths from 10 to 60 cm during the period from the 1 Those values were the basis for the calculation of mean decade values of water content in those soil layers from the 1 st decade of May to the 3 rd decade of October. In the second stage of the study their variation in the summer half-year of the 10-year period covered by the study was analysed. Identical analyses were performed for the minimum and maximum mean decade values.
The next stage of the study was devoted to the analysis of relations between the mean decade values of water content in the selected soil layers and the decade sums of atmospheric precipitations, and the mean ground water table levels. Those analyses were conducted for the particular decades of the summer half-year, and for the consecutive years of the 10-year period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . The significance of the relations was estimated with the use of calculated values of coefficient of determination R 2 at significance level of α = 0.05, and their critical values were adopted after KRZYSZTOFIAK and URBANEK [1978] . In another variant, a comprehensive analysis of those relations in the successive decades of the summer half-year was performed with the use of multiple regression, by means of the computer program Statistica [Statsoft 2011] . The estimation of which variable provided the most information on the soil water content in the particular layers was conducted on the basis of the partial regression coefficients describing the contribution of a given independent variable to the explanation of the dependent variable.
The final stage of the analyses was the estimation of trends of water content in the soil layers selected for the study in the particular decades of the summer half-year over the 10-year period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . That analysis was based on linear trends, and their significance was estimated on the basis of the relevant coefficients of determination R 2 . In addition, the tendency of occurrence of decades with minimum and maximum mean values of soil water content over the 10-year period under study was estimated.
RESULTS AND DISCUSSION
For the purposes of this study a characterisation of precipitation conditions and mean levels of ground water table in the particular decades and whole summer half-years of the 10-year period of 2003-2012 was performed. The climatic norm adopted was the 30-year period of 1971-2000, preceding the years selected for the analyses. The sums of precipitations were characterised on the basis of the criterion proposed by KACZOROWSKA [1962] , while the estimation of the ground water levels was made with the use of the criterion developed by this author for the purposes of this study on the basis of ground water levels in the area of the Observatory for the normative multi-year period. Fig. 1 presents the normative ground water levels for decade and the normal values of precipitation sums for the area of the research. The analysis of the rainfall conditions revealed that the dominant ones were decades with normal rainfalls (38), followed by extremely dry decades (36) and dry decades (30) .5 mm in the case of the layer of the greatest analysed thickness. The absolute minima of water content in the analysed soil layers were characterised by distinctly lower variation. They varied from 1.1 to 6.9 mm in the layer of 0-10 cm and from 40.4 to 88.1 mm in the layer with the greatest thickness (Fig. 2b) . A high variability of the period of their occurrence was observed, taking into account the thickness variation of the soil layer (Tab. 1). In a majority of cases they occurred in decades with rainfall sums corresponding to, according to the adopted classification, periods from dry to extremely dry, and to low and very low levels of ground water table.
The analysis of relations between water content in the particular layers of bare soil and the sums of atmospheric precipitations in the summer half-years of the successive years of the 10-year period of 2003-2012 did not reveal statistically significant relations of those elements, as indicated by the values of the coefficient of determination R 2 below the threshold of significant value amounting to 0.40. In the case of the relation of the mean decade soil water content in the layers selected for analysis and the levels of ground water table decidedly higher values of the coefficient of determination R 2 were obtained, indicating a significant effect of that element on their value. Irrespective of the summer half-year analysed, in soil layers with larger thickness the relations were statistically significant. The values of coefficient R 2 for the layer of 0÷40 cm varied from 0.50 in 2012 to 0.93 in 2005, while in the case of the layer with thickness of 0-60 cm they assumed more uniform levels, in the range from 0.73 in 2011 to 0.97 in 2005. Analyses of those relations for surface (0-10 cm) and arable (0-20 cm) layers of soil revealed that they were significant in most cases in those summer half-years in which the mean levels of ground water table were medium high (Fig. 1) . In both cases the highest value of coefficient R 2 (above 0.80) was obtained for the year 2009, at medium high ground water table in the area of the Observatory (-111 cm). The linear trends determined indicated an increase of the relation during the 10-year period under analysis in the case of the surface horizons, while for the layer with greater thickness an observable decreasing trend was noted, though the tendencies obtained were not statistically significant.
Two variants were applied in the estimation of the relations between the soil water content and sums of atmospheric precipitations versus the levels of ground water table. In the first variant they were estimated separately for each element, while in the second the analysis was conducted in a comprehensive manner, with the use of multiple regression. This allowed to indicate such periods in which the water content in soil layers with thickness from 0-10 to 0-60 cm in the 10-year period of 2003-2012 was affected significantly primarily by the precipitations or by the ground water table, and in a few cases by both of those elements. As an example, Fig. 3 presents the variation of the values of the coefficient of determination for the relations analysed in the first variant for soil layers with thickness of 0-20 and 0-60 cm.
Irrespective of the soil layer thickness, the sums of precipitations had a significant effect on soil water content in the 2 nd decade of July. In that decade highly significant relations were obtained for soil layers with thickness of 0-10 and 0-20 cm (R 2 = 0.87 and R 2 = 0.79, respectively), while for the layer with greater thickness (0-40 and 0-60 cm) the values of the coefficient of determination were lower, though still statistically significant (0.51 and 0.44, respectively). The analyses revealed that the water content in those soil layers was significantly affected also by the sums of precipitations in the 3 rd decade of September, and in that case the relations were greater, as indicated by the values of the coefficient of determination R 2 (0.65 for the layer of 0-40 cm and 0.52 for 0-60 cm). The water content in the arable layer of the soil (0-20 cm) was additionally significantly affected by that element in the 1 st and 3 rd decades of September (Fig. 3a) . Analysis of the tendencies of those relations over the whole summer half-year indicated their increasing character, irrespective of the thickness of soil layers, but those were statistically insignificant.
A statistically significant effect of the level of ground water table on the water content in the surface layers of soil was observed in the 3 rd decade of May, in July and in the 1 st decade of October. The highest values of coefficients R 2 were obtained for the 1 st decade of July in the case of the layer of 0-10 cm (0.58), while for the arable layer the values were comparable for the 1 st and 3 rd decades of that month (0.67 and 0.68, respectively) (Fig. 3a) . Whereas, in the case of layers with greater thickness it was possible to indicate longer periods in which the levels of ground water table had a significant effect on the content of water in the soil. The characteristic intervals for the layer of 0÷40 cm were the periods from the 3 rd decade of May to the 1 st decade of August and from the 3 rd decade of September to the end of October. The values of significant coefficients of determination obtained varied from 0.42 in the 2 nd decade of June to 0.76 in the 3 rd decade of July. In the case of the layer with the greatest thickness (0-60 cm) the level of ground water table had a significant effect on the value of water content almost throughout the summer half-year, with the exception of the 1 st and 2 nd decades of May, and significant coefficients R 2 assumed values in the range from 0.40 in the 3 rd decade of August to 0.73 in the 3 rd decade of July (Fig. 3b) . The comprehensive analysis of relations between soil water content and atmospheric precipitations and ground water levels conducted with the use of multiple regression revealed that in the 2 nd decades of July and August, 3 rd decade of September and in the 1 st and 2 nd decades of October both of the elements entered the regression equations obtained (Tab. 2). In a majority of cases the calculated values of partial coefficients of regression were statistically significant for ground water levels in the case of layers with thickness of 0÷20 cm and more.
In the 3 rd decade of May, 1 st and 3 rd decades of July, 1 st decade of August, 2 nd decade of September and 3 rd decade of October the levels of ground water table were the only variable in the equations obtained, irrespective of the thickness of soil layers (Tab. 2). V  VI  VII  VIII  IX  X  Soil layer  cm  Parameter  1  2  3  1  2  3  1  2  3  1  2  3  1  2  3  1  2  3  P n.s. n.s. n.s. n.s. * * n.s. * * * n.s. * * * n.s. * * * n.s. 0-10 WG n.s. n.s. * * * n.s. n.s. * * n.s. * * * n.s. n.s. * * * * * * P * * n.s. * n.s. * n.s. * * * n.s. * * n.s. * * n.s. * n.s. * n.s. 0-20 WG n.s. n.s. * * * * * n.s. * * * * * * * * * * n.s. n.s. * * * * * * P n.s. * n.s. n.s. n.s. n.s. n.s. * n.s. n.s. * n.s. * n.s. * * * * n.s. 0-40 WG * n.s. * * * * * * * * * * * * * * * * * * * * * * * * * * * * P n.s. n.s. n.s. n.s. n.s. n.s. n.s. * n.s. n.s. * * n.s. * n.s. * * * n.s. 0-60 WG * n.s. * * * * * * * * * * * * * * * * * * * * * * * * * * * * Explanations: * -α = 0.05, ** -α = 0.01, n.s. -not significant. Source: own study. Water deficits inhibit the growth and proper functioning of plants. Excessive water content is equally unfavourable. It causes an inhibition of plant growth and a reduction of yields, and contributes to the displacement of meso-and xerophilic plants by hydrophilic species. Moreover, excess of water leads to fungal diseases and plant infestation by pathogenic fungi, diseases of cereal plant species, poor fruition of plants, or even to decay of crops [KOWALIK 2010] . For this reason the final stage of the analyses was the estimation of the tendencies of water content of bare soil in the successive decades of the summer half-year and of the times of occurrence of decades with minimum and maximum mean values of water content over the 10-year period under study. Irrespective of the thickness of soil layer and of the decade, increasing tendencies of water content were observed over the years 2003-2012. In the case of the surface horizon of the soil they were not statistically significant only in the 3 rd decades of May and July. A shift to earlier periods was observed in the times of occurrence of decades with minimum water content, irrespective of the thickness of soil layer analysed. Fig. 4 presents the tendencies of the times of occurrence of decades with the minimum and maximum values of water content in the soil layers of 0-20 and 0-60 cm. In the case of soil layers with thickness of 0-10 and 0-20 cm the occurrence of decades with the minimum moisture shifted to the 3 rd decade of July, i.e. by 3 and 6 decades, respectively, over the 10-year period under study. From the viewpoint of crop plants, greater importance should be attributed to the change in those times for layers with greater depth -0-40 and especially 0-60 cm, where the greater part of the root mass of most crop plants is situated. In the first case, the time of occurrence of the decade with the minimum moisture shifted from the 2 nd decade of October to the 1 st decade of August (7 decades earlier), while in the second from the 1 st decade of October to the 3 rd decade of August (4 decades earlier). Analysis of the changes in the times of occurrence of decades with the maximum soil moisture revealed their shift to earlier decades in the case of the surface horizons (0÷10 and 0÷20 cm), while for the layers with greater thickness the shift was towards later decades. The smallest change was found for the arable layer of the soil (0-20 cm), from the 3 rd decade of June to the 3 rd decade of May (Fig. 4) . In the case of layers of 0-40 and 0-60 cm the occurrence of decades with the maximum soil moisture shifted over the 10-year period under analysis from the 1 st decade of May to the 2 nd decade of June (4 decades later).
Due to the possibilities of the measurement techniques used in the past, published results of multi-year direct measurements of soil moisture mostly concerned decade periods (e.g. KOŹMINSKI, NIDZGOR-SKA-LENCEWICZ [2002] , SPERANSKAYA [2009] , WĄ-SEK [1980] , ŻYROMSKI [2001] ). It mainly resulted from the specificity and possibilities of the most frequently used measurement technique which was the thermo-gravimetric method. Its main drawback was the need for soil sampling, making it impossible to conduct measurements of soil moisture consistently at the same point. Homogeneity of the series was as- sumed, because mainly it referred to the measurement site, rather than a point as it is the case when field measurements are carried out using the TDR technique. Because of its availability, this non-destructive method has been used to conduct measurements of soil moisture for years. However, the use of that method, though non-destructive and allowing to conduct measurements at the same point and with any frequency (10 min, 1 h, etc.), is limited on any larger scale because of quite high cost of measuring equipment.
Presented results of 10-year soil moisture measurements performed with TDR method are unique, because the decade means are developed on the basis of daily measurements, and not as it was when the thermo-gravimetric method was applied and measurement was performed every 10 days. Mean decade values obtained in this way represent the actual state of average soil moisture during this time interval. Therefore, the assessment of their variability with regard to daily precipitation totals -which make up the decade sums, and daily groundwater levels, from which decade values of that element are calculated, is very close to the actual conditions.
Research on soil moisture dynamics conducted with such a short time step and with the use of modern methods at foreign scientific centres for various surfaces in most cases relates to definitely shorter time periods (e.g. HUPET and VANCLOOSTER [2002] , KIMURA et al. [2005] ; NOVAK [2010] ; PARENT et al. [2006] ; ROXY et al. [2010] ).
SUMMARY
The detailed analyses performed in this study for the bare soil allow to create a certain reference model for other surfaces covered with any vegetation in similar weather conditions. What is more, comparison of ground water levels and precipitation conditions with the values developed for the climatic norm gives a view on the frequency of events having a significant influence on soil moisture and, based on that indicator, on the water reserves in analysed soil layers.
Performed analyses indicated only slight variations in the mean decade values of water content of the bare soil in the summer half-year in the 10-year period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . Irrespective of the thickness of the soil layers, atmospheric precipitations in the 10-year period of 2003-2012 had a highly significant effect on water content in the 2 nd decade of July. In the case of soil layers with thickness of up to 0-20 cm a statistically significant relation of soil water content and ground water levels was found for the 3 rd decade of May, in July and in the 3 rd decade of September. In the layer with thickness of 0-60 cm the relations were statistically significant almost throughout the summer half-year, with the exception of the 1 st and 2 nd decades of May.
Analysis of tendencies of the mean water content of the bare soil over the 10-year period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] indicated their statistically significant increase in the case of most of the decades of the summer half-year only in the soil layers with thickness of 0-10 and 0-20 cm.
The analyses revealed a shift of the times of occurrence of decades with the minimum soil water content, over the 10-year period studied, to earlier decades: by from 3 decades for the layer of 0-10 cm to 7 in the case of the layer with thickness of 0-40 cm. The times of occurrence of decades with the maximum soil water content shifted to earlier periods (on average by 4 decades) in the case of the surface and arable horizons, while in the case of soil layers with greater thickness -to later decades.
